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(57) Abstract: This invention relates to a method for the thermal treatment of granular solids in a fluidized-bed reactor (1), in which 
microwave radiation from a microwave source (2) is fed into the reactor (1), and to a corresponding plant. To improve the utilization 
of energy and the introduction of the microwave radiation, a first gas or gas mixture is introduced from below through a preferably 
central gas supply tube (3) into a mixing chamber (7) of the reactor, the gas supply tube (3) being at least partly surrounded by a 
stationary annular fluidized bed (8) which is fluidized by supplying fluidizing gas. The microwave radiation is supplied to the mixing 
chamber (7) through the same gas supply tube (3). 
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TREATMENT OF GRANULAR SOLIDS IN AN ANNULAR FLUIDIZED BED WITH MICROWAVES 



Technical Field 

This invention relates to a method for the thermal treatment of granular solids in 
a fluidized-bed reactor, in which microwave radiation from a microwave source 
is fed into the reactor. 

Such method is known from US 5,972,302, wherein sulfidic ore is subjected to 
an oxidation supported by microwaves. This method is chiefly concerned with 
the calcination of pyrite in a fluidized bed, wherein the microwaves introduced 
into the fluidized bed promote the formation of hematite and elementary sulfur 
and suppress the formation of S0 2 . There is employed a stationary fluidized bed 
which is irradiated by the microwave source disposed directly above the same. 
The microwave source or the entrance point of the microwaves necessarily gets 
in contact with the gases, vapors and dusts ascending from the fluidized bed. 

Examples for possible couplings of the microwave source to mixing chambers 
are: open wave guide, slot antenna, coupling loop, diaphragm, coaxial antenna 
filled with gas or another dielectric, wave guide occluded with a microwave- 
transparent substance. 

EP 0 403 820 B1 describes a method for drying substances in a fluidized bed, 
wherein the microwave source is disposed outside the fluidized bed and the mi- 
crowaves are introduced into the fluidized bed by means of a wave guide. Open 
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wave guides involve the risk that the microwave source is soiled by dust and 
gases and damaged in the course of time. This can be avoided by microwave- 
transparent windows, which occlude the wave guide between the reactor and 
the microwave source. In this case, however, deposits on the window lead to an 
5 impairment of the microwave irradiation. 

Description of the Invention 

Therefore, it is the object underlying the invention to create a fluidized-bed reac- 
10 tor with particularly good mass and heat transfer conditions, in which the micro- 
wave source is protected against the gases, vapors and dusts produced. 

In accordance with the invention, this object is solved by a method as mentioned 
above, in which a first gas or gas mixture is introduced from below through a 
15 preferably central gas supply tube (central tube/central tuyere) into a mixing 
chamber of the reactor, the gas supply tube being at least partly surrounded by 
a stationary annular fluidized bed which is fluidized by supplying fluidizing gas, 
and in which the microwave radiation of the mixing chamber is supplied through 
the same gas supply tube. 

20 

In the method of the invention, the advantages of a stationary fluidized bed, 
such as a sufficiently long solids retention time, and the advantages of a 
circulating fluidized bed, such as a good mass and heat transfer, can 
surprisingly be combined with each other during the heat treatment, while the 

25 disadvantages of both systems are avoided. When passing through the upper 
region of the central tube, the first gas or gas mixture entrains solids from the 
annular stationary fluidized bed, which is referred to as annular fluidized bed, 
into the mixing chamber, so that due to the high slip velocities between solids 
and first gas an intensively mixed suspension is formed and an optimum mass 

30 and heat transfer between the two phases is achieved. For generating the 
necessary process heat, microwave radiation is used in accordance with the 
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microwave radiation is used in accordance with the invention. Since the micro- 
waves are also introduced into the reactor through the central tube, the largest 
microwave power density in the mixing chamber exists above the orifice of the 
central tube, where the solids obtained in the suspension absorb the micro- 
5 waves particularly well. Therefore, the energetic utilization of the microwaves is 
particularly effective in the method in accordance with the invention. By means 
of the gas stream from the central tube it is also reliably avoided that dust or 
process gases enter the central tube, spread up to the microwave source and 
damage the same. In accordance with the invention, microwave-transparent 
10 windows for shielding the wave guide, as they are commonly used in the prior 
art, can therefore be omitted. These involve the problem that deposits of dust or 
other solids on the window can impair and partly absorb the microwave radia- 
tion. 

15 It has turned out that good process properties are given when the gas velocities 
of the first gas or gas mixture and of the fluidizing gas for the annular fluidized 
bed are adjusted such that the Particle-Froude-Numbers in the gas supply tube 
are between 1 and 100, in the annular fluidized bed between 0.02 and 2 and in 
the mixing chamber between 0.3 and 30. By correspondingly adjusting the gas 

20 velocities of the first gas or gas mixture and of the fluidizing gas as well as of the 
bed height in the annular fluidized bed, the solids loading of the suspension 
above the orifice region of the central tube can be varied within wide ranges and 
for instance be increased up to 30 kg solids per kg gas, wherein the pressure 
loss of the first gas between the orifice region of the central tube and the upper 

25 outlet of the mixing chamber can lie between 1 mbar and 100 mbar. In the case 
of a high solids loading of the suspension in the mixing chamber, a large part of 
the solids will separate out of the suspension and fall back into the annular fluid- 
ized bed. This recirculation is called internal solids recirculation, the stream of 
solids circulating in this internal circulation normally being significantly larger 

30 than the amount of solids supplied to the reactor from outside, for instance 
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higher by one order of magnitude. The (smaller) amount of not precipitated sol- 
ids is discharged from the mixing chamber together with the first gas or gas mix- 
ture. The retention time of the solids in the reactor can be varied within wide lim- 
its by the selection of height and cross-sectional area of the annular fluidized 
bed and be adjusted to the desired heat treatment. Due to the high solids load- 
ing on the one hand and the good suspending of the solids in the gas stream on 
the other hand, excellent conditions for a good mass and heat transfer by the 
microwave radiation acting in this region are obtained above the orifice region of 
the central tube. The amount of solids discharged from the reactor with the gas 
stream is completely or at least partly recirculated to the reactor, the recircula- 
tion expediently being effected into the stationary fluidized bed. The solids mass 
flow thus recirculated to the annular fluidized bed normally lies in the same order 
of magnitude as the solids mass flow supplied to the reactor from outside. Apart 
from the excellent utilization of energy, another advantage of the method in ac- 
cordance with the invention consists in the possibility of quickly, easily and re- 
liably adjusting the energy transfer of the method and the mass transfer to the 
requirements by changing the flow velocities of the first gas or gas mixture and 
of the fluidizing gas. 

To ensure a particularly effective heat transfer in the mixing chamber and a suf- 
ficient retention time in the reactor, the gas velocities of the first gas mixture and 
of the fluidizing gas for the fluidized bed are preferably adjusted such that the 
dimensionless Particle-Froude-Numbers (Fr P ) are 1.15 to 20 in the central tube, 
0.115 to 1.15 in the annular fluidized bed and/or 0.37 to 3.7 in the mixing cham- 
ber. The Particle-Froude-Numbers are each defined by the following equation: 




u 



with 
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u = effective velocity of the gas flow in m/s 

p s = density of the solid particles in kg/m 3 

Pf = effective density of the fluidizing gas in kg/m 3 

dp = mean diameter in m of the particles of the reactor inventory (or the 

particles formed) during operation of the reactor 
g = gravitational constant in m/s 2 . 



When using this equation it should be considered that d p does not indicate the 
mean diameter (d 50 ) of the material used, but the mean diameter of the reactor 
inventory formed during the operation of the reactor, which can differ signifi- 
cantly in both directions from the mean diameter of the material used (primary 
particles). Even from very fine-grained material with a mean diameter of e.g. 3 to 
10 urn, particles (secondary particles) with a mean diameter of 20 to 30 urn can 
for instance be formed during the heat treatment. On the other hand, some ma- 
terials, e.g. ores, are decrepitated during the heat treatment. 

In accordance with a development of the invention it is proposed to adjust the 
bed height of solids in the reactor such that the annular fluidized bed for in- 
stance at least partly extends beyond the upper orifice end of the central tube by 
a few centimeters, and thus solids are constantly introduced into the first gas or 
gas mixture and entrained by the gas stream to the mixing chamber located 
above the orifice region of the central tube. In this way, a particularly high solids 
loading of the suspension is achieved above the orifice region of the central 
tube. 

In accordance with the invention it is proposed that the central tube constitutes a 
wave guide, so that the microwave radiation is directly fed into the mixing cham- 
ber of the reactor through the central tube constituting a corresponding micro- 
wave guide. This arrangement is recommended in particular when the first gas 
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or gas mixture (process gas) also passed through the central tube is not much 
contaminated with dust or the dust only marginally couples the microwave power 
on its way through the central tube. But when dust contained in the process gas 
considerably couples the microwave power, the microwave radiation can alter- 
natively or additionally be fed into the mixing chamber through at least one wave 
guide different from the central tube, which wave guide is arranged in the central 
tube and preferably ends for instance in the vicinity of the orifice of the central 
tube. Thus, the microwave radiation likewise can specifically be coupled in the 
vicinity of the mixing chamber of the reactor, without dust contained in the first 
gas mixture previously having absorbed part of the power of the microwave ra- 
diation. In both cases, so high gas velocities are chosen in accordance with the 
invention that a recession of the dust from the reactor into the central tube and 
the wave guide is prevented. 

An improvement of the method is achieved when the microwave radiation is in- 
troduced through a plurality of wave guides, each wave guide being provided 
with a separate microwave source. For this purpose, instead of one central tube 
constituting a wave guide of large diameter a plurality of central tubes may con- 
stitute wave guides, to each of which a separate microwave source is con- 
nected. In accordance with the invention, one or more wave guides of smaller 
cross-section can alternatively be passed through a large central tube into the 
interior of the reactor, the wave guides being sealed against the central tube in a 
gas-tight way and each wave guide being provided with a separate microwave 
source. Dust-laden process gas, for instance, then is still introduced into the 
mixing chamber through the central tube. By means of such modular construc- 
tion, an increased availability of the plant can also be realized. 

In accordance with the invention, a purge gas furthermore is passed through the 
reactor, which can for instance be a filtered or otherwise cleaned exhaust gas 
from the reactor or a parallel process. Due to the continuous purge gas stream 
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through the wave guide, solid deposits in the wave guide are avoided, which 
would change the cross-section of the wave guide in an undesired way and ab- 
sorb part of the microwave energy which originally was designed for the solids in 
the reactor. Due to the energy absorption in the wave guide, the same would 
also heat up very much, whereby the material would be exposed to a strong 
thermal wear. In addition, solid deposits in the wave guide would effect unde- 
sired feedback reactions to the microwave source. 

As sources for the electromagnetic waves (microwave sources), a magnetron or 
a klystron can for instance be used. Furthermore, high-frequency generators 
with corresponding coils or power transistors can be be used. The frequencies 
of the electromagnetic waves proceeding from the microwave source usually lie 
in the range from 300 MHz to 30 GHz. Preferably, the ISM frequencies 435 
MHz, 915 MHz and 2.45 GHz are used. Expediently, the optimum frequencies 
are determined for each application in a trial operation. Since the frequencies of 
the microwave sources are fixed, the maximum heating capacity is fixed as well. 
By installing a multitude of small microwave sources, the heating capacity of the 
fluidized bed can, however, be adjusted optimally. In accordance with the inven- 
tion, it is furthermore provided to adjust the cross-section and the dimensions of 
the wave guide to the used frequency of the microwave radiation, in order to 
provide for an energy input rather free of loss. 

The temperatures in the fluidized bed (stationary annular fluidized bed) usually 
lie in the range from 150 to 1500°C. For certain processes, additional heat can 
be introduced into the fluidized bed for instance through indirect heat exchange. 
For temperature measurement in the fluidized bed, insulated sensing elements, 
radiation pyrometers or fiber-optic sensors can be used. 

For adjusting the mean solids retention time in the reactor, it is provided in ac- 
cordance with the invention that solids discharged from the reactor and sepa- 
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rated in a downstream separator are at least partly recirculated into the annular 
fluidized bed of the reactor. The remaining amount then is supplied to further 
method steps. In accordance with a preferred embodiment, a cyclone for sepa- 
rating solids is provided downstream of the reactor, the cyclone having a solids 
5 conduit leading to the annular fluidized bed of the reactor. 

Another improvement is obtained when the gas introduced through the wave 
guide is also utilized for fluidizing the fluidized bed. Thus, part of the gas is used 
for dedusting the wave guide, which previously was introduced into the fluidized 
10 bed through other supply conduits. 

In accordance with the invention, fine-grained solids are used as starting mate- 
rial, the grain size at least of the major part of the solids being smaller than 1 
mm. The granular solids to be treated can for instance be ores and in particular 

15 sulfidic ores, which are prepared e.g. for recovering gold, copper or zinc. Fur- 
thermore, recycling substances, e.g. zinc-containing processing oxide, or waste 
substances can be subjected to a thermal treatment in the fluidized bed. If sul- 
fidic ores, such as e.g. auriferous arsenopyrite, are subjected to the method, the 
sulfide is converted to oxide, and with a suitable procedure there is preferably 

20 formed elementary sulfur and only small amounts of S0 2 . The method of the 
invention loosens the structure of the ore in a favorable way, so that a subse- 
quent leaching leads to improved yields. The arsenic iron sulfide (FeAsS) pref- 
erably formed by the thermal treatment can easily be disposed of. 

25 A plant in accordance with the invention, which can in particular be used for per- 
forming the above-described method, includes a reactor constituting a fluidized- 
bed reactor for the thermal treatment of fine-grained solids, and a microwave 
source. To the reactor a gas supply system is connected, which can in particular 
include a gas supply tube and is formed such that gas flowing through the gas 

30 supply system entrains solids from a stationary annular fluidized bed, which at 
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least partly surrounds the gas supply system, into a mixing chamber of the reac- 
tor, and that the microwave radiation generated by the microwave source can be 
introduced through the gas supply system. Preferably, this gas supply system 
extends into the mixing chamber. 

5 

In accordance with the invention, the gas supply system preferably includes a 
gas supply tube (central tube) extending upwards substantially vertically from 
the lower region of the reactor preferably into the mixing chamber of the reactor, 
which gas supply tube is surrounded by a chamber which at least partly extends 

10 around the central tube and in which the stationary annular fluidized bed is 
formed. The central tube can constitute a nozzle at its outlet opening and/or 
have one or more apertures distributed around its shell surface, so that during 
the operation of the reactor solids constantly get into the central tube through 
the apertures and are entrained by the first gas or gas mixture through the cen- 

15 tral tube into the mixing chamber. Of course, two or more central tubes with dif- 
ferent or identical dimensions and shapes may also be provided in the reactor. 
Preferably, however, at least one of the central tubes is arranged approximately 
centrally with reference to the cross-sectional area of the reactor. 

20 In accordance with the invention, the microwave radiation is supplied to the re- 
actor in a wave guide. Microwave radiation can be conducted in electrically con- 
ductive hollow sections of all kinds of geometries, as long as their dimensions 
do not fall below certain minimum values. The wave guide wholly or largely con- 
sists of an electrically conductive material, e.g. copper. In a first embodiment, 

25 the gas supply tube directly constitutes a wave guide for introducing the micro- 
waves. Beside the simple structure of a reactor designed in this way, the gas 
stream additionally present in the wave guide avoids that dust or other impurities 
advance through the wave guide up to the microwave source and damage the 
same. In addition, the gas in the gas supply tube can already be preheated by 
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the microwaves in dependence on the absorption capacity of the gas or particles 
contained therein. 

Alternatively or in addition, at least one separate wave guide for feeding the mi- 
crowave radiation into the reactor can be arranged in the gas supply tube in ac- 
cordance with the invention, for instance in the form of a lance. When the wave 
guide ends approximately in the orifice region of the central tube or shortly be- 
low the same, the gas stream flowing into the mixing chamber avoids an ingress 
of impurities into the wave guide. At the same time, the microwave radiation can 
be introduced into the reactor substantially free of loss. In accordance with the 
invention, a plurality of gas supply tubes (central tubes) and/or a plurality of 
wave guides can also be provided in accordance with the invention, a separate 
microwave source being connected to each wave guide. Thus, the microwave 
intensity in the reactor can be varied simply by shutting on and off individual mi- 
crowave sources, without the intensity or frequency of a microwave source hav- 
ing to be changed. This is particularly advantageous, because it is thus possible 
to maintain the optimum adjustment of the microwave source and the respec- 
tively connected wave guide and nevertheless change the total intensity in the 
reactor. 

The exact calculation of the resonance conditions involves rather complex 
mathematics, as the Maxwell equations (unsteady, nonlinear differential equa- 
tions) must ultimately be solved with the corresponding marginal conditions. In 
the case of a rectangular or round wave guide cross-section, however, the 
equations can be simplified to such an extent that they can be solved analyti- 
cally and problems as regards the design of wave guides therefore become 
clearer and are easier to solve. Therefore, and due to the relatively easy produc- 
tion, only rectangular wave guides and round wave guides are used industrially, 
which are also preferably used in accordance with the invention. The chiefly 
used rectangular wave guides are standardized in the Anglo-Saxon literature. 
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These standard dimensions were adopted in Germany, which is why odd dimen- 
sions appear in part. In general, all industrial microwave sources of the fre- 
quency 2.45 GHz are equipped with a rectangular wave guide of the type R26, 
which has a cross-section of 43 x 86 mm. In wave guides, different oscillation 
states exist: In the transversal electric mode (TE mode), the electric field com- 
ponent lies transverse to the wave guide direction and the magnetic component 
lies in wave guide direction. In the transversal magnetic mode (TM mode), the 
magnetic field component lies transverse to the wave guide direction and the 
electric component lies in wave guide direction. Both oscillation states can ap- 
pear in all directions in space with different mode numbers (e.g. TE-1-1, TM-2- 
0). 

In accordance with the invention, the length of a wave guide lies in the range 
from 0.1 to 10 m. It turned out that wave guides of this length can be handled 
particularly easily in practice. The wave guide may be of a straight or bent de- 
sign. 

In the annular fluidized bed and/or the mixing chamber of the reactor, means for 
deflecting the solid and/or fluid flows may be provided in accordance with the 
invention. It is for instance possible to position an annular weir, whose diameter 
lies between that of the central tube and that of the reactor wall, in the annular 
fluidized bed such that the upper edge of the weir protrudes beyond the solids 
level obtained during operation, whereas the lower edge of the weir is arranged 
at a distance from the gas distributor or the like. Thus, solids separated out of 
the mixing chamber in the vicinity of the reactor wall must first pass by the weir 
at the lower edge thereof, before they can be entrained by the gas flow of the 
central tube back into the mixing chamber. In this way, an exchange of solids is 
enforced in the annular fluidized bed, so that a more uniform retention time of 
the solids in the annular fluidized bed is obtained. 
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Developments, advantages and possible applications of the invention can also 
be taken from the following description of embodiments and the drawings. All 
features described and/or illustrated in the drawings form the subject-matter of 
the invention per se or in any combination, independent of their inclusion in the 
claims or their back-reference. 

Brief Description of the Drawings 

Fig. 1 shows a process diagram of a method and a plant in accordance 

with a first embodiment of the present invention; 

Fig. 2 shows a reactor for performing the method in accordance with a 
second embodiment of the present invention; and 

Fig. 3 shows a reactor for performing the method in accordance with a 
third embodiment of the present invention. 

Detailed Description of the Preferred Embodiments 

With reference to Fig. 1, the plant and the method for the thermal treatment of 
solids are first described in general to explain the operation in accordance with 
the invention. 

For the thermal treatment of solids, the plant includes a for instance cylindrical 
reactor 1 with a central tube 3 arranged approximately coaxially with the longitu- 
dinal axis of the reactor, which central tube extends upwards substantially verti- 
cally from the bottom of the reactor 1. In the vicinity of the bottom of the reactor 
1, a non-illustrated gas distributor is provided, into which open supply conduits 
19. In the vertically upper region of the reactor 1 , which forms a mixing chamber 



WO 2004/056467 



PCT/EP2003/013163 



-13- 



7, an outlet 13 is disposed, which opens into a separator 14 constituting a cy- 
clone. 

When solids, for instance in the form of granular ores, from a solids bunker 5 are 
now introduced into the reactor 1 via the solids conduit 6, a layer annularly sur- 
rounding the central tube 3 is formed on the gas distributor, which layer is re- 
ferred to as annular fluidized bed 8. Both the reactor 1 and the central tube 3 
can of course also have a cross-section different from the preferred round cross- 
section, as long as the annular fluidized bed 8 at least partly surrounds the cen- 
tral tube 3. Fluidizing gas introduced through the supply conduits 19 flows 
through the gas distributor and fluidizes the annular fluidized bed 8, so that a 
stationary fluidized bed is formed. Preferably, the gas distributor constitutes a jet 
bank with a larger number of individual jets which are connected to the supply 
conduits 19. In a simpler embodiment, the gas distributor can also constitute a 
grid with a gas distributor chamber disposed below the same. The velocity of the 
gases supplied to the reactor 1 is adjusted such that the Particle-Froude- 
Number in the annular fluidized bed 8 is between about 0.115 and 1.15. 

By supplying more solids into the annular fluidized bed 8, the solids level in the 
reactor 1 is raised to such an extent that solids get to the orifice of the central 
tube 3. Through the central tube 3, a preferably hot gas or gas mixture with a 
temperature between 200 and 1000°C is introduced into the reactor 1. The ve- 
locity of the gas supplied to the reactor 1 through the central tube 3 preferably is 
adjusted such that the Particle-Froude-Number in the central tube 3 approxi- 
mately is between 1.15 and 20 and in the mixing chamber 7 approximately be- 
tween 0.37 and 3.7. 

Since the solids level of the annular fluidized bed 8 is raised above the upper 
edge of the central tube 3, solids flow over this edge into the central tube 3. The 
upper edge of the central tube 3 can be straight or be shaped differently, for in- 
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stance be serrated, or have lateral openings. Due to the high gas velocities, the 
gas flowing through the central tube 3 entrains solids from the stationary annular 
fluidized bed 8 into the mixing chamber 7 when passing through the upper ori- 
fice region, whereby an intensively intermixed suspension is formed. 

At the end of the central tube 3 opposite the reactor 1 , a microwave source 2 is 
arranged. The microwave rays generated there are introduced into the mixing 
chamber 7 via the central tube 3 constituting a wave guide 4 and at least partly 
contribute to the heating of the reactor 1 . 

The type of decoupling the microwaves from the wave guide 4 serving as feed 
conduit can be effected in different ways. Theoretically, microwave energy can 
be transported in wave guides free of loss. The wave guide cross-section is ob- 
tained as a logical development of an electric oscillating circuit comprising coil 
and capacitor towards very high frequencies. Theoretically, such oscillating cir- 
cuit can likewise be operated free of loss. In the case of a substantial increase 
of the resonance frequency, the coil of an electric oscillating circuit becomes 
half a winding, which corresponds to the one side of the wave guide cross- 
section. The capacitor becomes a plate capacitor, which likewise corresponds to 
two sides of the wave guide cross-section. In reality, an oscillating circuit loses 
energy due to the ohmic resistance in coil and capacitor. The wave guide loses 
energy due to the ohmic resistance in the wave guide wall. 

Energy can be branched off from an electric oscillating circuit by coupling a sec- 
ond oscillating circuit thereto, which withdraws energy from the first one. Simi- 
larly, by flanging a second wave guide to a first wave guide energy can be de- 
coupled from the same (wave guide transition). When the first wave guide is 
shut off behind the coupling point by a shorting plunger, the entire energy can 
even be diverted to the second wave guide. 
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The microwave energy in a wave guide is enclosed by the electrically conductive 
walls. In the walls, wall currents are flowing, and in the wave guide cross-section 
an electromagnetic field exists, whose field strength can be several 10 KV per 
meter. When an electrically conductive antenna rod is now put into the wave 
guide, the same can directly dissipate the potential difference of the electro- 
magnetic field and with a suitable shape also emit the same again at its end (an- 
tenna or probe decoupling). An antenna rod which enters the wave guide 
through an opening and contacts the wave guide wall at another point can still 
directly receive wall currents and likewise emit the same at its end. When the 
wave guide is shut off behind the antenna coupling by a shorting plunger, the 
entire energy can be diverted from the wave guide into the antenna in this case 
as well. 

When the field lines of the wall currents in wave guides are interrupted by slots, 
microwave energy emerges from the wave guide through these slots (slot de- 
coupling), as the energy cannot flow on in the wall. The wall currents in a rec- 
tangular wave guide flow parallel to the center line on the middle of the broad 
side of the wave guide, and transverse to the center line on the middle of the 
narrow side of the wave guide. Transverse slots in the broad side and longitudi- 
nal slots in the narrow side therefore decouple microwave radiation from wave 
guides. 

The microwave radiation decoupled from the wave guide 4 in one of the above- 
described ways is absorbed by the suspension formed in the mixing chamber 7, 
in particular by the solids bound therein, and contributes to the heating thereof. 
The desired reaction of the granular solids with the process gas supplied 
through the central tube 3 then takes place in the mixing chamber 7. Here, the 
temperature lies between 200 and 1500°C. Due to a reduction of the flow veloc- 
ity of the first gas (process gas) expanded in the mixing chamber 7 or due to 
impacts against the reactor wall, reacted granular material sinks back into the 
annular fluidized bed 8, where it can be heated to and maintained at the desired 
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temperature by the heating elements 9. Coarse solids are withdrawn via a dis- 
charge conduit 10. The gas containing the residual, non-precipitated amounted 
of solids flows into the upper part of the reactor, in which the dust-laden gases 
are cooled down by the cooling elements 12. Via the outlet 13, the gases are 
5 introduced into the cyclone 14 constituting a separator, at the front side of which 
the gas is withdrawn via a conduit 15 and cooled in a cooler 16. The gas is de- 
dusted in a further separator 17, for instance a cyclone or filter, and supplied as 
dust-free gas from below in part through the conduits 18, 19 via rotating nozzles 
into the annular fluidized bed 8 for further processing. Another conduit 20 
10 branches off dust-free gas into the central tuyere 3 or the wave guide 4 and 
serves as purge gas and/or process gas, in order to keep the conduit 3, 4 dust- 
free. In addition, free process gas can be mixed into the central tube 3 via a 
non-illustrated conduit. 

15 The solids, in particular dust, separated in the separator are recirculated via the 
bottom of the cyclone 14 into the annular fluidized bed 8, and it is possible here 
to discharge fine solids as product via conduit 11. In this way, the solids level in 
the annular fluidized bed 8 of the reactor 1 can easily be adjusted. For adjusting 
the solids recirculation, it is quite useful in accordance with the invention to 

20 measure the pressure loss between the central tube 3 and the outlet conduit 
(outlet 13) of the reactor 1 leading to the separator 14 and control the same by 
varying the amount of solids recirculated. What turned out to be particularly ad- 
vantageous is a fluidized intermediate container with downstream dosing mem- 
ber, for instance a variable-speed star feeder or a roller-type rotary valve, 

25 wherein the solids not required for recirculation can be discharged for instance 
by means of an overflow and be supplied to a further use. The solids recircula- 
tion in a simple way contributes to keep constant the method conditions in the 
reactor 1 and/or adjust the mean retention time of the solids in the reactor 1 . 
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Fig. 2 shows the lower part of the reactor 1 in accordance with a second em- 
bodiment. There are provided two microwave sources 2a, 2b, a separate centra! 
tube 3a, 3b being connected to each microwave source, in order to introduce 
the microwaves into the mixing chamber 7. In this case as well, the central tube 
3a, 3b is directly used as wave guide 4a, 4b. Both central tubes 3a, 3b are sup- 
plied with dust-free gas via conduit 20, which gas again serves as purge gas. 
Instead of the two illustrated microwave sources 2a, 2b, there may also be pro- 
vided a plurality of microwave sources with a corresponding number of wave 
guides and central tubes, which are arranged below the reactor or around the 
reactor. 

Fig. 3 likewise shows the lower part of the reactor 1. In this embodiment of the 
reactor 1, there are also provided two microwave sources 2a, 2b, which intro- 
duce microwaves into the mixing chamber via a separate wave guide 4a, 4b 
each. The wave guides 4a, 4b are introduced into the central tube 3 and are 
guided in the same to the mixing chamber 7. To avoid a contamination of the 
wave guides 4a, 4b, they are supplied with dust-free gas via conduit 20, which 
here serves as purge gas. In this case, the central tube 3 is used for introducing 
for instance dust-laden process gas. For a subsequent modification of an exist- 
ing reactor 1, it is only necessary to change a conduit portion of the central tube 
3, to provide for a gas-tight passage of the wave guides 4a, 4b in the central 
tube 3. Instead of the two illustrated microwave sources 2a, 2b, a plurality of 
microwave sources can again be provided, which are arranged below the reac- 
tor 1 or around the reactor 1 . A plurality of microwave sources allows to vary the 
total intensity of the microwave radiation introduced into the reactor 1 by simply 
switching on and off individual microwave sources, without having to change the 
operating parameters of a microwave source to which the wave guide is ad- 
justed optimally. 
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When applying the method, the solids to be treated at least partly absorb the 
electromagnetic radiation used and thus heat the fluidized bed. It has surpris- 
ingly turned out that in particular material treated at high field strengths can be 
leached more easily. Frequently, other technical advantages can also be real- 
5 ized, such as e.g. reduced retention times or the decrease of the required proc- 
ess temperatures. 

The reactor 1 with central tube 3 and annular fluidized bed 8 is particularly use- 
ful for the thermal treatment of granular material, as it is characterized by the 

10 combination of very good mass and heat transfer characteristics with long solids 
retention times. In accordance with the invention, the largest part of the process 
gas is introduced into the mixing chamber 7 through the central tube 3, so that 
solids are entrained from the stationary fluidized bed 8 arranged around the cen- 
tral tube into the mixing chamber 7 located above this stationary fluidized bed 8. 

15 This leads to a particularly well mixed suspension. By the selection of the cross- 
sections of the reactor 1 it is ensured that a low mean velocity is obtained in the 
mixing chamber 7. The consequence is that most of the solids are separated out 
of the suspension and fall back into the annular fluidized bed 8. The solids circu- 
lation formed between annular fluidized bed and mixing chamber normally is 

20 higher by one order of magnitude than the solids mass flow supplied to the reac- 
tor from outside. Thus, it is ensured that the granular solids present in the mix- 
ing chamber repeatedly pass through the zone of the highest microwave power 
density above the central tube, in which the solids particularly easily can absorb 
the microwave radiation coupled into the same via wave guides. 

25 

Example (Calcination of gold ore) 

A concrete example for the method in accordance with the invention is the calci- 
nation of gold ore, which is performed in a plant in accordance with Fig. 3. 

30 
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For this case of application, the Particle-Froude-Numbers Fr p are about 0.35 in 
the stationary annular fluidized bed 8, about 1.3 in the mixing chamber 7, and 
about 15 in the central tube 3. The microwave frequency used is about 2.45 
GHz. 

5 

The essential method parameters can be taken from the following Table. 



Feed 




Type 


Gold ore, ground, dried and classified 




Gold content about 5 ppm = 5 g/t 


Grain fraction 




max 


urn 50 


Composition 


wt-% 


org. C 


1.05 


CaC0 3 


19.3 


Al 2 0 3 


12.44 


FeS 2 


2.75 


Inert substances, e.g. Si0 2 


64.46 


Solids throughput, about 


t/h 100 


Apparatus 




Type of reactor. 


Reactor with annular fluidized bed, 


preheating of air to 500°C 


Connected: 


online gas analysis + exhaust gas scrubber 


Diameter, upper part 


mm 5000 


of reactor 




Operation 


continuous 


Installed microwave power 


kW 6 


Wave guide 


R26 (43 x 86 mm, stainless steel) 


Fluidizing air 




Flow rate 


Nm 3 /h 9200 
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Operating conditions 

Solids retention time min 5 

Temperature °C 550 to 650 

Residual 0 2 in exhaust gas vol-% 0.5 to 3.00 

The content of organic carbon in the product is smaller than 0.1 %. 
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List of Reference Numerals: 





1 


reactor 




2,2a,2b 


microwave sources 


5 


3 


central tube 




4,4a,4b 


wave guide 




5 


solids bunker 




6 


solids conduit 




7 


mixing chamber 


10 


8 


annular fluidized bed 




9 


heating elements 




10 


discharge conduit 




i i 


oahHi lit 




12 


cooling elements 


15 


13 


outlet, outlet conduit 




14 


separator, cyclone 




15 


gas conduit 




16 


cooler 




17 


separator 


20 


18 


gas conduit 




19 


supply conduits 




20 


gas conduit 
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Claims: 

1. A method for the thermal treatment of granular solids in a fluidized-bed 
reactor (1), in which microwave radiation from a microwave source (2) is fed into 

5 the reactor (1), characterized in that a first gas or gas mixture is introduced 
from below through at least one preferably central gas supply tube (3) into a 
mixing chamber (7) of the reactor, the gas supply tube (3) being at least partly 
surrounded by a stationary annular fluidized bed (8) which is fluidized by supply- 
ing fluidizing gas, and that the microwave radiation is supplied to the mixing 
10 chamber (7) through the same gas supply tube (3). 

2. The method as claimed in claim 1, characterized in that the gas veloci- 
ties of the first gas or gas mixture and of the fluidizing gas for the annular fluid- 
ized bed (8) are adjusted such that the Particle-Froude-Numbers in the gas 

15 supply tube (3) are between 1 and 100, in the annular fluidized bed (8) between 
0.02 and 2, and in the mixing chamber (7) between 0.3 and 30. 

3. The method as claimed in claim 1 or 2, characterized in that the Parti- 
cle-Froude-Number in the gas supply tube (3) is between 1.15 and 20. 

20 

4. The method as claimed in any of the preceding claims, characterized in 
that the Particle-Froude-Number in the annular fluidized bed (8) is between 
0.115 and 1.15. 

25 5. The method as claimed in any of the preceding claims, characterized in 
that the Particle-Froude-Number in the mixing chamber (7) is between 0.37 and 
3.7. 



30 



6. The method as claimed in any of the preceding claims, characterized in 
that the bed height of solids in the reactor (1) is adjusted such that the annular 
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fluidized bed (8) extends beyond the upper orifice end of the gas supply tube (3) 
and that solids are constantly introduced into the first gas or gas mixture and 
entrained by the gas stream to the mixing chamber (7) located above the orifice 
region of the gas supply tube (3). 

7. The method as claimed in any of the preceding claims, characterized in 
that the microwave radiation is introduced through a gas supply tube (3, 3a, 3b) 
constituting a wave guide (4, 4a, 4b) and/or through a wave guide (4a, 4b) ar- 
ranged in the gas supply tube (3). 

8. The method as claimed in any of the preceding claims, characterized in 
that the microwave radiation is introduced through a plurality of wave guides 
(4a, 4b), each wave guide (4a, 4b) being provided with a separate microwave 
source (2a, 2b). 

9. The method as claimed in any of the preceding claims, characterized in 
that purge gas is passed through the wave guide (4, 4a, 4b). 

10. The method as claimed in any of the preceding claims, characterized in 
that the used frequency for the microwave source (2) lies between 300 MHz and 
30 GHz, preferably between 400 MHz and 3 GHz, in particular at the ISM fre- 
quencies 435 MHz, 915 MHz and 2.45 GHz. 

11. The method as claimed in any of the preceding claims, characterized in 
that the cross-section and the dimensions of the wave guide (4) are adjusted to 
the used frequency of the microwave radiation. 

12. The method as claimed in any of the preceding claims, characterized in 
that the temperatures in the stationary annular fluidized bed (8) lie between 
150°C and 1500°C. 



WO 2004/056467 PCT/EP2003/013163 



-24 



13. The method as claimed in any of the preceding claims, characterized in 
that solids discharged from the reactor (1) and separated in a downstream 
separator (14) are at least partly recirculated to the annular fluidized bed (8) of 

5 the reactor. 

14. The method as claimed in any of the preceding claims, characterized in 
that gas introduced through the wave guide (4) is used for an additional fluidiza- 
tion of the stationary fluidized bed (8). 

10 

15. The method as claimed in any of the preceding claims, characterized in 
that fined-grained solids with a grain size of less than 1 mm are supplied as 
starting material. 

15 16. A plant for the thermal treatment of granular solids, in particular for per- 
forming a method as claimed in any of claims 1 to 15, comprising a reactor (1) 
constituting a fluidized-bed reactor and a microwave source (2), characterized 
in that the reactor (1) includes a gas supply system which is formed such that 
gas flowing through the gas supply system entrains solids from a stationary an- 

20 nular fluidized bed (8), which at least partly surrounds the gas supply system, 
into the mixing chamber (7), and that microwave radiation can be introduced by 
the gas supply system. 

17. The plant as claimed in claim 16, characterized in that the gas supply 
25 system includes a gas supply tube (3) extending upwards substantially vertically 
from the lower region of the reactor (1) into the mixing chamber (7) of the reac- 
tor (1), the gas supply tube (3) being surrounded by a chamber which at least 
partly extends around the gas supply tube (3) and in which the stationary annu- 
lar fluidized bed (8) is formed. 



30 
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18. The plant as claimed in claim 17, characterized in that the gas supply 
tube (3) is arranged approximately centrally with reference to the cross-sectional 
area of the reactor (1 ). 

5 19. The plant as claimed in any of claims 16 to 18, characterized in that the 
gas supply tube (3) constitutes a wave guide (4) for introducing the microwave 
radiation. 

20. The plant as claimed in any of claims 16 to 19, characterized in that in 
10 the gas supply tube (3) at least one wave guide (4a, 4b) is arranged for introduc- 
ing the microwave radiation. 

21. The plant as claimed in any of claims 16 to 20, characterized in that a 
plurality of gas supply tubes (3a, 3b) and/or a plurality of wave guides (4a, 4b) 

15 are provided, a separate microwave source (2a, 2b) being connected to each 
wave guide (4a, 4b). 

22. The plant as claimed in any of claims 19 to 21, characterized in that a 
wave guide (4) has a rectangular or round cross-section. 

20 

23. The plant as claimed in any of claims 19 to 22, characterized in that a 
wave guide (4) has a length of 0.1 m to 10 m. 
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